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Electron-Transfer Reactions in the “Abnormal”’
Free-Energy Region

Sir:

For an outer-sphere electron-transfer reaction, the rate
constant can be written as

k = veK exp[—(AG*/RT)] &)

where v is the frequency factor for electron transfer within
an ion pair or association complex of the reactants and K is the
formation constant for the association complex. From their
classical treatments of AG*, Marcus! and Hush? have derived
eq 2, where AG is the free-energy change on electron transfer
within the association complex and A is the optical or vertical
vibrational barrier to electron transfer. Combining eq | and
2 gives eq 3:

AGH = 5(1 +A—f)2 )
A AG
k= VetK CXp( m(l + T) ]) (3)

This has been tested repeatedly in different forms (e.g., see ref
3 and 4). Equation 3 successfully predicts an increase in k as
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—AG increases and approaches A, but makes the remarkable
prediction that, for reactions in the “abnormal” or “inverted”
free-energy region where —AG > A3, k should decrease as AG
becomes even more favorable.

To date, studies of reactions in the abnormal free-energy
region have been based on excited-state quenching experi-
ments.5-8 The results show that there is at best a slight decrease
in k as AG becomes even more favorable in contrast to the
prediction made by eq 3. A second experimental approach to
the problem is the use of the flash photolysis technique, where
a reaction in the abnormal free energy can be induced by an
initial excited-state quenching step (eq 4, 5).°

Ru(bpy),(CN),* + R*—N@\
X

kq
— Ru(bpy),(CN)," + R°-—N@\
X
Ru(bpy),(CN),* + R°—N@

X

kp +
—> Ru(bpy),(CN), + R —N@\ (5)

X

We have measured both quenching (kq, eq 4)'0 and back
electron-transfer (ky, €q 5)!! rate constants in acetonitrile (/
=2.0X 1073-5.0 X 10~! M using [NEt4*](ClO4~))'2 at room
temperature for a series of reactions involving the dicyano
complexes Ru(bpy)2(CN); (bpy is 2,2’-bipyridine) and Ru-
(phen)2(CN); (phen is 1,10-phenanthroline) and the pyri-
dinium type ions:

R

N +
OO0 @ O-Or-er
N
R = CH, (1), C,H, (2)

+
QL
X
R=CH,; X = 4-CN (4), 4-C(==0)OCH, (5), H (14),
3-C(==0)NH, (11), 4-C(=O)NH, (8)
R = C,H,; X = 4-C(=0)OCH, (8), 4-C(==0)NH, (7),
3-C(=O0)NH, (10), H (13)

.
@N—@N* (9), BrcHCH,CH,—N()) (12)

The numbers in parentheses identify the quenchers used to
obtain the data shown in Figure 1.

The reactions involve a series of structurally related reac-
tants, where AG varies widely but A, X, and v, are expected
to be nearly the same. The reactions are also attractive from
the interpretive point of view because they are free of electro-
static effects arising from charge-charge interactions (eq 4,
5).

Values for kg referred to as “quenching” in Figure 1 were
obtained by luminescence quenching!® and for ky, by flash
photolysis. The data are shown in Figure | as a plot of RT In
kobsa (kg or k) against AG. The AG values were calculated
from redox potentials for the couples involved.!3

Assuming that v, K and A are reasonably constant for the
series of quenching reactions, eq 3 in logarithmic form

RTInk =RTIn uctK—A(l +£)

X (3a)
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Figure. 1 Plot of RT In Kqusd vs. AG for quenching and flash photolysis
reactions involving RuL,(CN)»* (®, L = bpy; A, L = phen) and various
pyridinium ions. The numbering scheme is the same as that given in the
text. The curved line represents calculated values of RT In kopsq using eq
3a including corrections for diffusional effects, eq 6. The values v K =
8.2 X 1019M~1s~1 X =97 kcal/mol, and kp = 2.1 X 1010 M~! s were
used in the calculations.
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Figure 2, Potential energy diagrams for an electron-transfer reaction,
A*,B~ — A,B, where (a) AG = 0; (b) 6G <0, —AG < \; (¢) AG < 0;
—-AG > A

correctly predicts the observed increase and flattening in RT
In kobsa a8 —AG increases in the normal free-energy region
where —AG < . By taking into account diffusional effects (eq
6),14 the approach of kopsq to the diffusion-controlled limit kp
(2.1 £0.1 X 10'°M~!s~1; RT In kp = 0.61 V)!5as —AG
approaches A is also predicted by eq 3a.

1 1 1
kobsda kD T ®

Of more interest here are the data for the back electron-
transfer reactions where —AG > A, since they fall in the ab-
normal free-energy region. From the data in Figure I, it is
apparent that there is no evidence for the decrease in k pre-
dicted by eq 3. The predicted decrease is shown in the figure
by the solid line, which was calculated from eq 3a assuming
that v K = 8.2 X 10'°M~!s=!and A = 9.7 kcal/mol. In cal-
culating the line, diffusional effects were included using eq
6.

The failure of eq 2 to predict the lack of a free-energy de-
pendence in the abnormal free-energy region is because the
equation is based on a classical treatment for the vibrations
involved. Full quantum mechanical treatments have been given
for electron-transfer processes.?? From those treatments, in
the normal free-energy region, AG* and the temperature de-
pendence of k arise in a natural, easily interpretable way.
Thermal activation to higher vibrational levels is necessary
(Figure 2a,b), because there the distribution of possible nuclear
configurations in the vibrational states includes configurations
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that are appropriate for the products in isoenergetic vibrational
levels. That is to say that vibrational overlap between wave
functions for reactants and products is greatly improved. In
the high-temperature limit, Duke?' and others2%-f have shown
that the quantum mechanical treatment leads to eq 2.

In the so-called “abnormal free-energy region”, the reactant
vibrational manifold is within the product manifold (Figure
2¢). Electron transfer between reactants to give products in-
volves a transition between different electronic states. In fact,
the criterion that —AG > A is simply a statement that the
electron-transfer process has changed from a thermal relax-
ation (Figure 2a,b) to the radiationless decay of an outer-
sphere charge-transfer excited state (Figure 2c). The classical
picture, which leads to eq 2, still predicts that electron transfer
occurs following thermal excitation to the intersection region
between classical potential energy surfaces. However, quantum
mechanically there is no a priori reason to expect that activa-
tion to the intersection region is necessary. Rather, the critical
issues become those in excited-state radiationless decay pro-
cesses, namely the electronic coupling matrix element, the
density of acceptor vibrational levels, and the magnitude of the
vibrational overlap integrals involved.??

For the outer-sphere charge-transfer decay processes that
have been investigated to date, the absence of a dependence
on AG shows that the classical treatment is incorrect. From
the quantum mechanical viewpoint, since AG* = 0, transition
probabilities from equilibrium or near-equilibrium vibrational
levels of the reactants must be high, and extensive thermal
activation to higher vibrational levels is unnecessary.

The conclusions reached here are of obvious general im-
portance, since they pointed out, for example, that recent at-
tempts to use eq 2 in discussing slight rate constant decreases
with increasing —AG for outer-sphere excited-state processes’
or variations in electron-transfer quenching rate constants with
AG?3 are misguided. In fact, there is no real theoretical or
experimental basis for expecting that eq 2 should apply to ei-
ther problem.
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Exciplex Formation from Transition-Metal Complexes.
Luminescent Nonpolar Exciplexes from Palladium(II)
Porphyrin Triplets and N, N-Dimethylaniline

Sir:

Both photoredox reactions and exciplex emission have been
observed upon irradiation of various chromophores in the
presence of amines.!-® While exciplex emission has been ob-
served for a variety of organic substrates, it has not been gen-
erally detected with transition-metal complexes,”!0 even
though the latter frequently undergo photoreaction with
amines and other substrates that give luminescent exciplexes
with aromatic hydrocarbons.!!-'5 One group of reactions that
might be anticipated to involve exciplex intermediates is the
photoreduction of metalloporphyrins. This reaction, which has
been observed for a variety of different metal complexes,!4-!7
generally involves the consecutive conversion of the porphyrin
to chlorin and isobacteriochlorin complexes (eq 1) under ir-
radiation in the presence of a variety of reducing agents. In
recent investigations we have examined photoreactions of the
platinum(I1) and palladium porphyrins.'® These complexes
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show very weak fluorescence and prominent phosphorescence
in fluid media at room temperature, and the long triplet life-
times, particularly for the palladium complexes,!®-20 permit
the observation in several cases of relatively slow and ener-
getically uphill excited-state reactions.'® We felt that these
properties should make these complexes especially useful for
a study of metalloporphyrin excited-state interactions with
amines and other reductants. In the present paper we report
results that indicate the formation of luminescent exciplexes
between amines and palladium porphyrin triplets. Our results
indicate that the exciplex has little charge-transfer character
and strongly resembles the uncomplexed porphyrin triplet in
both lifetime and emission spectrum. The results observed here
with luminescent triplets are apparently related to those ob-
tained previously for nonemitting metalloporphyrin triplets
with electron acceptors.2! 22

Palladium(II) porphyrin complexes were prepared as pre-
viously described.'82* Our study has included several different
porphyrins (e.g., octaethylporphyrin, «,3,y,0-mesotetra-
phenylporphine (TPP), and mesotetra(a,o,a,a-0-hexadecy-
lamidophenylporphine)), as well as a number of potential
donors (triethylamine, N, /V-dimethylaniline (DMA), and
SnCl1:2H,0); however, the present report will deal only with
the system PATPP-DMA, which shows typical behavior and
has been studied in greatest detail. Irradiation of degassed
solutions of PATPP in the presence of 0.5-5 M DMA in a
number of solvents (e.g., benzene, pyridine, acetone, 2-pro-
panol, or isobutyronitrile) with light absorbed only by the
porphyrin leads to inefficient (¢ =~ 0.001 at 3.9 M DMA)
formation of reductive adducts 3 and 4. In addition to pho-
toadduct formation, we find that DMA produces changes in
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